The Drosophila period protein (PER) is a predominantly nuclear protein and a likely component of a circadian clock. PER is required for daily oscillations in the transcription of its own gene and thus participates in a circadian feedback loop. In this study, key pacemaker neurons of the Drosophila brain were examined to determine whether the subcellular distribution of PER changes with the time of day. Indeed, PER was found to accumulate in the cytoplasm for several hours before entering the nucleus during a narrow time window. Three long-period mutations (per L) cause a delay in the timing of nuclear translocation and a further delay at elevated temperature. The data indicate that regulation of PER nuclear entry is critical for circadian oscillations by providing a necessary temporal delay between PER synthesis and its effect on transcription.
Introduction
A wide variety of organisms display daily (circadian) behavioral, physiological, and biochemical fluctuations that are regulated by an endogenous clock (Hastings and Schweiger, 1976; Edmunds, 1988; Takahashi, 1991) . The Drosophila period gene (per) is central to a circadian pacemaker in that organism (Baylies et al., 1993; Hardin et al., 1993; Edery et al., 1994a) . Several lines of evidence indicate thatper is involved in an oscillating autoregulatory loop wherein per protein regulates its own transcription (Hardin et al., 1990 (Hardin et al., , 1992 , and recent evidence indicates that this effect is intracellular and probably negative (Zeng et al., 1994) .
The exact molecular mechanism by which PER inhibits its own transcription or more generally contributes to clock function is uncertain. PER is a predominantly nuclear protein (Liu et al., 1992) and contains a dimerization domain, PAS (Huang et al., 1993) , that is shared with three known transcription factors, the Drosophila single minded protein (SIM; Nambu et al., 1991) and the two subunits of the mammalian dioxin receptor (Hoffman et al., 1991; Burbach et al., 1992; Reyes et al., 1992) . A nuclear role for PER in clock function is also indicated by studies on the new arrhythmic mutant timeless (Vosshall et al., 1994; Sehgal et al., 1994) . In this mutant background, a per-15-galactosidase fusion protein is not properly translocated to the nucleus, suggesting that this is the normal site of function for PER.
Although PER likely represses its own transcription (Zeng et al., 1994) , it does not do so immediately upon synthesis; per mRNA and protein levels rise concurrently for several hours before mRNA levels peak and then decline (Zeng et al., 1994) . The fact that per m RNA rises in the presence of increasing PER suggests that a delay exists between PER expression and its negative effect on the transcription of its own gene. Delays and thresholds are prominent features of cell cycle regulation (King et al., 1994) , and mathematical analysis shows that robust cycling requires a delay between PER expression and its function as a repressor of its own transcription (Abbott et al., unpublished data) . We decided to test the idea that gated nuclear entry of PER could contribute to the observed delay between PER expression and the decline in per mRNA levels for two reasons. First, several nuclear-active proteins are regulated posttranslationally at the level of nuclear entry, including one of the three other PAS-containing proteins, AhR (Moll et al., 1991; Burbach et al., 1992; Baeuerle and Baltimore, 1988; Hoffman et al., 1991; Beg et al., 1992; Reyes et al., 1992; Pollenz et al., 1994) . Second, though PER is predominantly nuclear (Liu et al., 1992) , PER staining has not been carefully examined in the hours just before peak levels are attained (Zerr et al., 1990) . We concentrated on PER-expressing neurons in the brain, subsequently referred to as pacemaker neurons, because of their importance to circadian behavior (Ewer et al., 1992; Frisch et al., 1994; Helfrich-Forster, 1994; Edery et al., unpublished data) and the ease with which their cell bodies can be examined immunohistochemically. Our observations indicate that PER is indeed regulated at the level of nuclear entry, indicating an important role for this process in circadian timekeeping.
Results

Nuclear Localization of PER is Regulated
Previous histochemical experiments examined the timing of PER oscillations in the adult brain during a standard light-dark (L-D) cycle (Zerr et al., 1990) . More recent Western blot analyses have, in the main, confirmed these results (Edery et al., 1994b; Zeng et al., 1994) . However, there is a difference in the timing of peak PER levels as assayed by Western blotting and immunohistochemistry, with the observed peak of protein occurring several hours earlier when examined by Western blotting (Zerr et al., 1990; Zeng et al., 1994) . In addition, a low power view of PER staining indicated that there was some difference in the pacemaker neurons between Zeitgeber time 17 (ZT17) and z-r20 despite similar PER protein levels at these two times as assayed by Western blotting (data not shown; Zeng et al., 1994) . We reasoned that a temporal difference in the subcellular distribution of PER could account for both of these observations.
To characterize in detail the temporal regulation of the subcellular distribution of PER in the pacemaker neurons, we entrained animals for 2 days in a standard L-D cycle, in which ZT0/24 is defined as lights on and ZT12 as lights off. Samples were then prepared for immunohistochemistry every hour from ZT16 through ZT20 and every 4 hr from ZT20 to ZT6.
In wild-type Canton S flies, PER staining is predominantly cytoplasmic at ZT16 and ZT17 ( Figures 1A and 1 B ; Table 1 ). At ZT18, staining is mixed, with some animals showing primarily cytoplasmic staining, some showing both cytoplasmic and nuclear staining, and a few showing predominantly nuclear staining ( Figure 1C ; Table 1 ). By ZT19, PER staining is predominantly nuclear (Figure 1 D; Table 1 ) and remains predominantly nuclear until staining disappears, at -Z T 6 . Examination of PER in a per transgenic line (H/M) with wild-type L-D behavior gave identical results (Table 1 ). The predominantly cytoplasmic distribution of PER at ZT17 is best seen in samples counterstained with the nuclear stain propidium iodide and visualized by confocal microscopy (Figure 1 B, inset ). An identical temporal change in subcellular distribution was observed with a different PER-specific polyclonal antibody generated against an Escherichia coil-expressed PER fusion protein (data not shown). A comparable change in photoreceptor cell and gila staining was difficult to determine, presumably owing to a low nucleus-to-cytoplasm The subcellular distribution of PER was determined for several individual animals at each time point. The numbers in the table represent the number of individual animals showing each staining pattern at various Zeitgeber times (Z'I'). Because of weak staining intensities in peF, these samples were scored blind. Staining patterns of different neural groups within the same animal were almost always identical. (Pacemaker cells consist of several PER-expressing neuronal groups [Ewer et al., 1992; Frisch et al., 1994; Helfrich-Forster, 1994] . To determine whether the variability in staining pattern observed at zr17, z-r18, and ZT19 was due to intergroup variability within single animals or to interanimal variability, we examined each neuronal group in several wild-type animals at ZT17,ZT18, and ZT19. Of 12 animals examined at ZT17, all but 1 showed identical staining patterns among all examined groups. At ZT18, 12 of 14 animals examined gave identical patterns, and at ZT19, all 6 animals examined showed identical patterns in all PER-staining neurons). C, cytoplasmic; N, nuclear; C >> N, almost completely cytoplasmic staining, with a barely detectable level of nuclear staining; C = N, staining evenly mixed between cytoplasm and nucleus; N > C, more nuclear staining than cytoplasmic. Flies were entrained in a 12 hr light-12 hr dark cycle for 2-3 days before being assayed in constant darkness at the indicated temperatures. Data were collected for 5 days and activity periods determined by Chi square analysis, as previously described (Hamblen et al., 1986) . The data for peFR are the average of three separate lines with nearly identical behavior, n, number of flies averaged; %R, percentage of flies that were rhythmic; ND, not done. Some of the behavioral data also appear in Huang et al. (1995) .
ratio in these cell types as well as some variability in detecting strong staining in glial cells (data not shown; see Discussion).
The results show that PER nuclear entry is temporally regulated in the pacemaker neurons. Western blot analysis demonstrates that PER starts accumulating in the brain at -Z T 1 0 (Zeng et al., 1994) , suggesting that it accumulates in the cytoplasm of neuronal cells for 6 or 7 hr before entering the nucleus. In addition, PER nuclear entry coincides well with the initiation of the decline in per mRNA levels (Zeng et al., 1994) , consistent with the hypothesis that PER activity is regulated by clock-gated nuclear entry.
Nuclear Localization of PER Is Altered in Long-Period Mutants but Not in a Short-Period Mutant
We were interested in determining whether the timing of PER nuclear localization is altered in mutants with altered periods. Specifically, we examined PER nuclear entry in four Drosophila mutants carrying different peralleles: per ~, peF, peFR, and peFN. The pet ~ mutation gives rise to free running periods of -19 hr (Table 2 ; Konopka and Benzer, 1971 ) and codes for a serine-to-asparagine change at amino acid 589, C-terminal to the PAS domain (Baylies et al., 1987; Yu et al., 1987) . The original per L mutation falls within the PAS domain and codes for a missense mutation (aspartic acid in place of the wild-type valine) at arnino acid 243 (Baylies et al., 1987) . peFN and peFR bear engineered asparagine and arginine mutations, respectively, at the same position, ped-N, peFR, and pe#-have free running periods of 27.7 hr, 28.5 hr, and 29.6 hr, respectively (Table 2 ; Konopka and Benzer, 1971) .
The timing of PER nuclear localization is unaltered in the per ~ mutant (Table 1 ; data not shown); PER s is predom- inantly cytoplasmic at ZT16 and ZT17, mixed at ZT18, and predominantly nuclear at ZT19. In contrast, PER nuclear entry is delayed in all three long period mutants (Figure 2 ). PERLN is predominantly cytoplasmic at ZT20.5 but largely nuclear by ZT22 (Figures 2A and 2B ; Table 1 ). PER k is still predominantly cytoplasmic at ZT22 but becomes predominantly nuclear by ZT24 (Figures 2C and 2D ; Table  1 ). PERLR is predominantly cytoplasmic at ZT21 and nuclear by ZT23 (Figures 2E and 2F ). In each long-period mutant, the delay in nuclear entry corresponds approximately to the increase in period length (Table 2) ; nuclear entry is delayed about 3 hr in peFN flies, 4 hr in peFR, and about 5 hr in peF.
The fact that PER nuclear entry is altered in the longperiod mutants but not in the short-period mutant indicates that the timing of nuclear translocation is not inextricably linked to period length, suggesting that the delayed entry of PER in the three long-period mutants is a direct result of changes in PER activity rather than an indirect consequence of an alteration in cycle length.
Nuclear Entry of PER is Temperature Sensitive in Long-Period Mutants
Circadian rhythms in wild-type flies are temperature compensated, i.e., period length is almost invariant over a considerable temperature range (Konopka et al., 1989) . The period length of peF flies, however, is temperature sensitive and lengthens with increasing temperature (Konopka et al., 1989; Ewer et al., 1990) . peFN and peFR flies also show temperature sensitivity of period length (Table 2) . To determine the effect of temperature on PER nuclear entry, we examined the temporal change in PER subcellular distribution in wild-type flies and in peFN flies at both 18°C and 29°C. As expected, wild-type PER was unaffected by temperature; at both temperatures it was primarily cytoplasmic at ZT17 and primarily nuclear at ZT19 as shown above for 25°C. In contrast, PERLN nuclear entry was significantly delayed at the higher temperature. At 18°C, PERLN was predominantly cytoplasmic at ZT19 ( Figure 3A ; Table 3 ) but predominantly nuclear at ZT21 ( Figure 3B ; Table 3 ). At 29°C, PERLN was still predominantly cytoplasmic at ZT22 ( Figure 3C ; Table 3 ) but predominantly nuclear at ZT24 ( Figure 3D ; Table 3 ). The delay in PERLN nuclear entry correlates well with the temperature-dependent increase in period length; at 18°C, PERLN entry is delayed by 2 hr and these flies have a 26 hr period; at 29°C, PERLN entry is delayed -5 hr, and these flies have a 28.6 hr period ( Figure 3 ; Table 2; Table 3 ). 5  18oc  3  2  0  1  0  3  1  1  11  29oc~18°C  3  0  1  0  2  3  2  3  13 The subceltular distribution of PER in peFN flies was determined at various ZT for flies maintained at 29°C or 18°C, or flies that were shifted from 29°C to 18°C at ZT12 (29°C~18°C). The numbers represent the number of animals showing each staining pattern. C, cytoplasmic; C= N, roughly equal cytoplasmic and nuclear staining; N, predominantly nuclear staining.
The correlation between the temperatu re effects on period length and nuclear entry may be due to a direct effect of the mutation, i.e., it may cause temperature sensitivity of the cytoplasmic function of PER required for nuclear entry. Conversely, delayed nuclear entry may be an indirect effect of increasing the cycle length. For example, a delay in a nuclear function of PER could lead to a delayed nuclear entry in the next cycle as an indirect consequence. To distinguish between these two possibilities, we performed temperature-shift experiments. Specifically, peFN flies were entrained at 29°C but shifted to 18°C at ZT12 a few hours prior to nuclear entry. The temperature-shifted flies were compared to ped-N controls maintained at constant temperature, either 29°C or 18°C. The results show that in the temperature-shifted flies, PER'N entered the nucleus of pacemaker cells by ZT21, a time indistinguishable from that of flies maintained at 18°C (Table 3) . Thus, temperature can affect PER nuclear entry between ZT12, near the beginning of the protein accumulation cycle, and ZT21, when PER enters the nucleus in these flies. The results suggest that the temperature-induced delay in PER nuclear entry is not due to an indirect feedback effect from the previous cycle; rather, they support the notion that the peFN mutation has a more direct effect on PER nuclear entry.
The delayed nuclear entry of PERLN, PER', and PERLR proteins and their temperature sensitivity could be due to low levels or low activities of the mutant proteins, which are even lower at 29°C (Baylies et al., 1987; Cote and Brody, 1986) . To address the first possibility, we assayed PER levels at ZT22 by Western blotting head extracts from wild-type and peFN flies maintained at either 18°C or 29°C. ZT22 was chosen because at this time, PERLN is predominantly nuclear at 18°C but predominantly cytoplasmic at 29°C. The results indicate that PERLN levels are not temperature sensitive and are comparable to wildtype levels (data not shown; also see Huang et al., 1995) . The delays in PER L nuclear entry are thus likely due to changes in PER activity.
Discussion
The data show that Drosophila PER enters the nucleus of key neurons in a circadian-regulated manner. We have been unable to examine the timing of nuclear entry in other PER-positive cell types, which makes it possible that the observed delays in nuclear translocation are restricted to these pacemaker cells. However, they are important for locomotor activity rhythms (Ewer et al., 1992; Frisch et al., 1994; Helfrich-Forster, 1994; Edery et al., unpublished data) , making it very likely that the timing of the activities of PER in these cells is important for the mechanisms that underlie clock function. For per mRNA to undergo robust cycling, there must be a delay between PER synthesis and a negative effect on its own transcription (Abbott et al., unpublished data) . We propose that regulated nuclear entry provides this requisite delay.
That the timing of PER nuclear localization plays an important role in clock dynamics is supported by the enhanced delay seen in the three long-period mutants. The results of the temperature-shift experiment (Table 3) suggest that delays in PER nuclear entry are the cause rather than the effect of the long-period phenotypes of these mutants. This is also supported by the PER s results, which demonstrate that period length and the timing of PER nuclear entry can be dissociated.
The PER" protein shows reduced immunohistochemical staining in all neuronal and glial cells that normally express PER, and different antibodies have been used with similar results (data not shown; Zerr et al., 1990) . A reasonable explanation invokes reduced PER levels, perhaps owing to effects of the long-period mutations on protein stability. Although it is known that reduced PER levels can lengthen circadian period, extrapolations from existing data indicate that per levels would have to be very low for this mechanism alone to account for the observed periods of the long-period mutants (Baylies et al., 1987; Cot~ and Brody, 1986) . Indeed, Western blot data indicate that PER L protein levels are only marginally lower than those of the wild-type or PER s proteins (data not shown; Huang et al., 1994) , suggesting that the long-period mutations likely affect PER function directly rather than affecting PER function only indirectly by decreasing PER stability, i.e., by affecting PER levels (Edery et al., 1994b; Huang et al., 1994) . Although we cannot eliminate the possibility that the mutants have a more profound effect on PER stability in the pacemaker neurons only, it is more likely in our view that the reduced staining intensity of the mutant proteins reflects a substantial effect on the conformation of PER or its interaction with other proteins. These possibilities fit well with the reduced ability of the PER' mutant-containing fusion proteins to form dimers in a yeast two hybrid assay (Huang et al., 1994 ; data not shown), suggesting that important protein-protein interactions take place in the cytoplasm prior to nuclear entry; the data do not indicate whether these interactions are heterotypic or homotypic.
A role for heterotypic interactions is indicated by recent work of Vosshall and coworkers on a new clock gene, timeless Vosshall et al., 1994) . In photoreceptor cells, nuclear entry of a PER-~-galactosidase fusion protein is blocked in timeless flies (Vosshall et al., 1994) . The involvement of the PAS domain of PER in promoting heterotypic interactions and regulated nuclear entry also has precedents in work on the mammalian dioxin receptor (Hoffman et al., 1991; Burbach et al., 1992; Reyes et al., 1992) . AhR contains a PAS domain, which is likely required for ligand binding, heterodimer formation, and nuclear translocation (Hoffman et al., 1991; Burbach et al., 1992; Reyes et al., 1992; Zeng and M. R., unpublished data) . Finally, PER nuclear translocation could be regulated by temporal modification (Edery et al., 1994b) , analogous to the cell cycle-dependent nuclear import of the yeast transcription factor SWl5 (Moll et al., 1991) . All of these considerations suggest that PER does not enter the nucleus until some enabling intermolecular interactions take place.
Recent work from this laboratory (Huang et al., 1994) indicates that PER a!so engages in one or more intramolecular interactions, which are likely in competition with the intermolecular interactions required for nuclear entry. (A) PER protein is synthesized in a form that is incapable of entering the nucleus, possibly owing to intramolecular interactions (Huang et al., 1994 ) that may block a nuclear localization signal (NLS) or block an enabling intermolecular interaction. Nuclear entry may be triggered in one of several ways, including phosphorylation (Edery et al., 1994b) or hornotypic or heterotypic protein-protein interactions (Huang et aL, 1993) ; timeless is a potential protein partner (Vosshall et al., 1994) . These mechanisms could act separately or coordinately; for example, phosphorylation could trigger a switch between intra-and intermolecular interactions. The peF mutations may delay nuclear entry by stabilizing an intramolecular interaction (Huang et al., 1994) . Once in the nucleus, PER may interact with different factors to modify transcription. Asterisk indicates pe#-mutation. (B) PER s enters the nucleus with wild-type kinetics. Once inside the nucleus, however, it decays more rapidly than wild-type PER (Zerr et al., 1990; Edery et al., 1994b) , suggesting that this mutant alters a nuclear function of PER. Asterisk indicates per ~ mutation.
The identified intramolecular interaction is enhanced by the PER L mutations and enhanced at higher temperatures, suggesting that the delay and the temperature effects are influenced by the conformational status of PER monomers. A specific conformation might directly block an otherwise functional nuclear localization signal, as well as interfere with enabling intermolecular interactions. Based on these considerations, we suggest that PER accumulates between ZT10 and ZT17 in a form that cannot enter the nucleus. At or near ZT18, PER reaches maximum levels, which favor one or more enabling interactions, resulting in a homotypic or heterotypic complex or in a covalent modification ( Figure 4A ).
The wild type-like time course of PER s nuclear entry indicates that this mutation exerts its effect at a different stage of the circadian cycle, consistent with the wild typelike phenotype of PER s in the yeast dimerization assay (Huang et al., 1994) . The fact that nuclear PER levels decline more rapidly in per" than in peF or in wild type (Zerr et al., 1990; Edery et al., 1994b) indicates that per" probably alters a nuclear function of PER ( Figure 4B) . Thus, the circadian cycle includes different phases, several of which may involve PER function or PER activity•
Experimental Procedures
Generating Transformed Fly Lines per°~;ry 5°6 files were transformed with the mutant per P-element constructs as previously described (Rutila et al., 1992) . To create the peFN mutation for germ line transformation, a subclone of the per gene was used for mutagenesis from a previously described 13.2 kbper genomic fragment encoding an HA tag at the C terminus of PER cloned into cp20.1 (Rutila et al., 1992 ). An Xbal fragment extending from nucleotide 2445 (numbering of Citri et al., 1987 in this clone) through the 3' end of the per gene and including some cp20.1 sequences was subcloned into pBluescript KS. Clones of one orientation were chosen and used to subclone a Sacl fragment extending from nucleotide 4935 through the 3' end of the per gene and into the polylinker. This 2.5 kb Sacl fragment was subcloned into pBluescript KS-and subsequently used to generate single-stranded DNA for site-directed mutagenesis. A 30 bp oligonucleotide was used to introduce an asparagine or arginine-encoding triplet into the position coding for amino acid 243. Mutagenesis was done by the method of Kunkel (1985) . Mutant clones were confirmed by dideoxy sequencing and were subsequently recloned in two steps back into the starting vector. One line was recovered carrying the asparagine mutation, designated perLN, and three lines were recovered carrying the arginine mutation, designated peFR.
Immunohistochemistry
Adult flies were exposed to 12:12 L-D conditions for 3 days. Subsequently, animals were prepared for immunohistochemistry at the indicated times, essentially as previously described (Frisch et al., 1994) . In brief, the proboscis was removed with a razor blade, and heads incubated in a microfuge tube containing ice cold 4% paraformaldehyde. The samples were rotated at 4°C for 4 hr and subsequently washed 4 times for 20 min each in 0.1 M PO4 buffer (pH 7.5). The final wash was replaced with 25% sucrose in 0.1 M PO4 buffer and the samples rotated overnight at 4°C. Frozen heads were sectioned in the horizontal plane on a Reichert-Jung 2800 Frigocut. Sectioned samples were incubated for 1 hr in block solution (3% normal goat serum [Vector Laboratories] in phosphate-buffered solution, 1% bovine serum albumin, and 0.50/0 Triton X-100 [PBST]). Samples were then incubated overnight at 4°C with anti-PER antibody (B6PER; Edery et al., 1994b) , diluted 1:150 in block solution. Slides were washed 3 times for 20 min each in PBST and incubated for 1 hr with biotin-conjugated anti-rat IgG (Vector Laboratories) at a concentration of 1.5 mg/rnl diluted 1:200 in block solution. Slides were washed in PBST and further incubated for 30 min with an avidin-biotin complex (Vector Laboratories, ABC Elite Kit) applied according to the instructions of the manufacturer. Following a final wash in PBST, slides were stained with the VlP staining kit (Vector Laboratories) for 5-10 min until staining became apparent. Staining was terminated by washing 3 times for 5 min each in water; slides were mounted in Crystal Mount (Biomedia), baked at 80°C for 10 rain, and then mounted in DPX (Fluca) with a cover slip. Stained head sections were examined and photographed on a Zeiss Axiophot. Double staining with propidiurn iodide (Sigma) and anti-PER antibody was done as described with two differences. First, RNAse A was added to the secondary antibody incubation at a concentration of 10 p.g/ml. Second, after the PER staining was complete, the samples were incubated in PBS containing 5 mM propidium iodide for 30 rain and then washed 3 times for 2 rnin each prior to mounting. The doublestained image (see inset in Figure 3B ) was visualized using the confocal microscope.
Behavioral Analysis
Locomotor activity data were collected for 5 days and periods were determined by ;L 2 periodogram analysis (Hamblen et al., 1986) .
